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Abstract:
We examine the dynamics of silica particles grafted with high
molecular weight polystyrene suspended in semidilute solutions
of chemically similar linear polymer using x-ray photon corre-
lation spectroscopy. The particle dynamics decouple from the
bulk viscosity despite their large hydrodynamic size and instead
experience an effective viscosity that depends on the molecu-
lar weight of the free polymer chains. Unlike for hard sphere
nanoparticles in semidilute polymer solutions, the diffusivities of
the polymer-grafted nanoparticles do not collapse onto a master
curve as a function of normalized length scales. These results
suggest that the soft interaction potential between polymer-
grafted nanoparticles and free polymer allows polymer-grafted
nanoparticles to diffuse faster than predicted based on bulk
rheology and modifies the coupling between grafted particle
dynamics and the relaxations of the surrounding free polymer.
Attaching polymers to surfaces modifies the interactions
between nanoparticles and surrounding environments. Such
fine-tuning of nanoparticle interactions is important to im-
prove the biocompatibility of targeted drug delivery vec-
tors,1–4 control self-assembled structures in nanocompos-
ites,5–8 or stabilize emulsions.9–11 For these applications,
the efficacy of polymer-grafted nanoparticles (PGNPs) re-
quires that the particles remain stable and transport ef-
fectively when dispersed into complex fluids. Whereas the
long-time dynamics of large hard sphere colloids through
complex fluids are well understood, multiple factors compli-
cate predictions of the motion of PGNPs. First, PGNPs are
often comparably sized to heterogeneities in the surround-
ing complex fluid, violating an assumption underlying mi-
crorheology theory.12–14 Second, PGNPs are soft particles
whose ‘softness’ can be characterized by their elastic de-
formability15 or through the steepness and range of their
repulsive interactions.16–18 The combination of soft interac-
tions between grafted polymers and hard interactions of the
nanoparticle cores leads to elastic moduli and yield stresses
for PGNP suspensions lower than those of hard sphere col-
loids and higher than those of “ultra-soft” star-like poly-
mers or micelles.16,19,20 Finally, the tethering of polymer to
the particle surface significantly changes the grafted poly-
mer relaxations21–24 and may therefore affect the transport
of PGNPs.
Here, we investigate the dynamics of silica nanoparti-
cles grafted with high molecular weight polystyrene so that
the grafted polymer and silica core are comparably sized.
The PGNPs are dispersed into solutions of free polystyrene
and the dynamics of the PGNP center-of-mass are probed
using x-ray photon correlation spectroscopy (XPCS). The
PGNP diffusivity systematically depends on the free poly-
mer molecular weight, diffusing faster in solutions with the
same bulk viscosity but higher molecular weight. Although
similar dependences have been observed for hard sphere
nanoparticles, the PGNPs are much larger than the length
scale at which hard spheres begin to decouple from bulk vis-
cosity and the PGNP diffusivity does not collapse accord-
ing to relative size as it does for hard spheres. We propose
that these unique transport properties of PGNPs arise from
the soft interaction between the PGNP corona and the free
chains in solution.
We graft24 high molecular weight MW = 355 kDa
polystyrene onto silica nanoparticles with a radius R = 24
nm to form a PGNP with a morphology intermediate be-
tween a pseudo-hard sphere (low grafted MW) and a star
polymer (high grafted MW). Due to sample preparation
constraints, two separate batches of grafted particles are
synthesized – one for X-ray and neutron scattering exper-
iments with grafting density σ = 0.054± 0.015 chains nm−2
and one for rheology experiments with σ = 0.069 ± 0.015
chains nm−2. Particles from both batches have similar hy-
drodynamic radius RH = 110 nm determined from dynamic
light scattering and overlap concentration c∗PGNP = 0.023
g mL−1 determined from intrinsic viscosity. Small-angle
neutron scattering (SANS) experiments are conducted on
the NG7 30m beamline25,26 at the NIST Center for Neu-
tron Research on PGNPs disperse in partially deuterated
d5-2-butanone and partially deuterated d3-polystyrene with
MW = 140, 640, and 1100 kDa to contrast-match the silica
core. XPCS measurements were conducted on the 8-ID-I
beamline at Argonne National Lab on PGNPs dispersed in
protonated solvent and polystrene with MW = 150, 590,
1100, and 15000 kDa, which span the molecular weight of
the grafted chain over a range that controls PGNP disper-
sion in polymer melts.7 PGNPs remained well dispersed in
all solutions (Supporting Information). Steady-shear rhe-
ology experiments on protonated solutions were conducted
on a Discovery Hybrid Rheometer (TA Instruments, HR-2)
using a Couette geometry.
Previous experiments27,28 and simulations29,30 have iden-
tified rich structural changes for PGNPs dispersed in solu-
tions of free chains. We first investigate using SANS the
structure of PGNPs dispersed in partially deuterated solu-
tions to isolate scattering from the grafted polymer (Fig.
1). At large Q, the intensity derives from intra- and inter-
chain correlations whereas at low Q, the scaling of the in-
tensity corresponds to the sharpness of the interface between
the PGNP corona and surrounding solvent. Because these
PGNPs are large, we do not observe a low-Q plateau and
thus cannot model the scattering intensity using previously
described models derived for grafted morphologies.31–34 In-
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stead, we model the full scattering intensity as the sum of
a Lorentzian to capture the polymer conformation inside
the corona and a power law to model the sharpness of the
corona-solvent interface according to
Icoh(Q) =
Ipoly
1 + (Qξ)1/ν
+AQ−m, (1)
where Ipoly is corona polymer intensity, ξ is the correlation
length between grafted chains, ν is the excluded volume pa-
rameter, and m is the low-Q slope. Because the amount of
grafted polymer does not change in these solutions, we hold
Ipoly constant and let the other parameters float.
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Figure 1. (a) Coherent SANS intensity Icoh as a function of
wavevector Q for PGNPs dispersed at ≈ 1c∗PGNP in solutions of
d5-2-butanone and free d3-polystyrene of various MW at c = 0.15
g mL−1. Inset: Icoh(Q) for PGNPs with no free polymer. Solid
curve is best fit to Eq. 1. (b) Low-Q slope m and (c) correlation
length ξ as a function of free polymer concentration.
Physically, grafted brushes are expected to compress in
solutions of free chains.24,27,28,35 Changes in the scatter-
ing pattern as the concentration and molecular weight of
free polymer varies are consistent with this physical picture.
When polymer is first added to the system, m decreases and
ξ increases (Fig. 1(b,c)). These changes could be caused by
a small expansion of the grafted corona. Upon increasing
free polymer concentration, m decreases in solutions with
low concentrations of low MW free polymer but increases in
more concentrated solutions of higher MW. This dependence
suggests that the boundary between the grafted corona and
surrounding solution becomes slightly more diffuse at low
concentrations and sharper at higher concentrations. Inside
the grafted corona, ξ decreases with increasing free poly-
mer concentration as the corona compresses and decreases
more strongly in solutions with lower molecular weight. This
compression is caused by an increase in the solution osmotic
pressure by the free chains and a logarithmic interaction po-
tential between free chains and PGNPs29,30,36 that is softer
than the power-law interactions between hard-sphere col-
loids and polymers in solution.37–39
After determining that the structure of the PGNPs agrees
with previous studies, we investigate whether the low PGNP
concentration modifies bulk solution properties. For poly-
mer solutions, bulk viscosity η scales with the relative con-
centration c/c∗, independent of MW. To verify that this
scaling collapse holds for solutions containing free polymer
as well as PGNPs, we measure the steady shear viscosity
as a function of shear rate γ˙, free polymer concentration,
and free polymer molecular weight (Fig. 2). The viscosity
is Newtonian with relaxation times . 1 ms (inset to Fig.
2) and scales as predicted with η ∼ (c/c∗)2 when unentan-
gled and as η ∼ (c/c∗)14/3 when entanglements dominate.40
Moreover, the measured viscosities of 15c∗ solutions exhibit
no significant changes as a function of MW. These rheolog-
ical characteristics are in excellent agreement with theory
for solutions of free polymers, indicating that PGNPs do
not perturb the bulk solution rheology.
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Figure 2. Specific viscosity ηSP = η − η0 as a function of free
polystyrene concentration c/c∗ for solutions of varying molecular
weight. Inset: Specific viscosity ηSP for 590 kDa solutions as a
function of shear rate γ˙. All samples have a grafted polystyrene
concentration of 0.5c∗PGNP.
Having confirmed that the structure and solution rheology
follow the expected behavior, we investigate the dynamics of
the PGNPs in the polymer solutions using XPCS. Because
the x-ray scattering is dominated by the silica core, the mea-
sured dynamics represent only those of the center-of-mass of
the PGNP and do not directly reflect the relaxations of the
grafted brushes. The intensity autocorrelation curves G2
decay faster with time at smaller wavevectors Q and are
well fit by G2(Q,∆t) = 1 + BG1(Q,∆t)
2 + ε where B is
the Siegert factor that depends on experimental geometry,
G1(Q,∆t) = exp
[
− (Γ∆t)β
]
is the field correlation func-
tion, β ≈ 0.85 is a stretching exponent that arises from the
polydisperse size of the PGNPs, and ε captures any residual
noise (inset to Fig. 3). The relaxation rate follows Γ = DQ2,
where D is the PGNP diffusivity (Fig. 3). Because the free
polymer increases the bulk solution viscosity, the particle
dynamics slow with increasing c/c∗. Surprisingly, there is
2
an additional dependence on the free polymer MW: PGNPs
diffuse more slowly in solutions of low MW than in solutions
of high MW at the same c/c
∗ (Fig. 2). This MW-dependence
indicates that the nanoscale dynamics are fundamentally dif-
ferent from those on the macroscale.
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Figure 3. Relaxation rate Γ from XPCS as a function of
wavevector Q at (a) various concentrations of 590 kDa free
polystyrene and at (b) c/c∗ = 10 for MW = 150, 590, and 1100
kDa. All samples have a PGNP concentration of 0.5c∗PGNP. Solid
lines indicate Q2 scaling. Inset : Representative intensity autocor-
relation function G2 as a function of lag time for 0.003 A˚−1 (red)
≤ Q ≤ 0.0074 A˚−1 (blue) for a solution of c/c∗ = 23 and MW =
1100 kDa. Solid curves are stretched exponential fits.
To quantify this difference between the nanoscale dynam-
ics of PGNPs and microrheological predictions based on bulk
viscosity, we analyze how the PGNP diffusivity changes with
free polymer concentration and molecular weight (Fig. 4(a)).
Specifically, we compare the measured PGNP diffusivity
to predictions based on bulk viscosity η using the Stokes-
Einstein (SE) expression DSE = kBT/6piηRH. For c/c
∗ ≈ 1,
D/DSE ≈ 1 for all free polymer molecular weights. As c/c∗
increases, D/DSE ≈ 1 in the 150 kDa solutions but increases
with increasing c/c∗ and MW (inset to Fig. 4(a)). Although
the PGNPs compress in solutions, this compression cannot
explain the observed discrepancy in D/DSE. According to
SANS (Fig. 1) and theoretical predictions41 (Supporting In-
formation), the PGNPs in low MW solutions shrink more
and should therefore diffuse faster. The observed behav-
ior is exactly opposite: PGNPs diffuse faster at high MW.
Instead, the discrepancy in D/DSE must originate from in-
teractions between PGNPs and the surrounding polymer so-
lution on the nano- or microscale.
The dynamics of large colloidal particles through com-
plex fluids are excellently described in the microrheological
framework by the SE or generalized SE expressions.12–14
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Figure 4. Normalized PGNP diffusivity D/D0 as a function of
(a) free polymer concentration c/c∗, (b) the ratio of PGNP size
and correlation length RH/ξ, and MW-modified (c) concentration
and (d) length scale ratio. Inset: Diffusivity normalized to SE
predictions D/DSE as a function of c/c
∗. Open symbols in (a)
represent the expected diffusivity based on bulk rheology (Fig. 2).
Solid lines represents predicted scaling of -2 for hard spheres.42
All samples have a PGNP concentration of 0.5c∗PGNP.
Nanoparticles, however, often diffuse faster than expected
because they are comparably sized to the polymer coils in
solution.42 For these PGNPs, however, the hydrodynamic
radius RH ≈ 110 nm is much larger than the polymer radius
of gyration Rg = 13, 27, and 38 nm for MW = 150, 590,
and 1100 kDa, respectively.43 Based on the relative size of
the PGNPs it is surprising to observe the MW-dependence
shown in Fig. 4(a). A recent coupling theory attempts to
explain the enhanced diffusion of hard sphere nanoparticles
in semidilute polymer solutions through a length scale ra-
tio via D/D0 ∼ (RH/ξ)−2, where D0 is the nanoparticle
diffusivity in solvent.42 This theory excellently collapses dif-
fusivities measured experimentally44 and in simulations45
for hard-sphere nanoparticles but cannot collapse the PGNP
dynamics (Fig. 4(b)). The significant difference between the
dynamics of PGNPs in solutions with varying MW indicates
that PGNPs experience local heterogeneities in semidilute
polymer solutions differently than hard-sphere particles do.
The ratio between free and grafted polymer MW has been
shown to control the morphology of PGNPs5,7 and star poly-
mers28 in polymer melts and solutions. To determine if
this ratio also affects dynamics, we plot the PGNP diffu-
sivity as a function of c/c∗ and RH/ξ modified by the ratio
of free to grafted polymer molecular weights MW,f/MW,g
(Fig. 4(c,d)). Incorporating the MW ratio cleanly collapses
the PGNP diffusivities across two orders of magnitude in
both c/c∗ and free polymer MW. In these collapses, the
molecular weight scaling exponents are empirically deter-
mined to minimize spread in the data. The inverse scaling of
(MW,f/MW,g)
−1/8 required to collapse diffusivity as a func-
tion of c/c∗ indicates that the PGNPs experience a lower
effective viscosity in solutions of higher MW,f . By contrast,
the collapse according to RH/ξ requires a direct scaling with
(MW,f/MW,g)
3/8 to offset the overcorrection from the hard-
sphere scaling. Although the numerical exponents may vary
with grafting density, core size, or grafted MW, the collapse
indicates that the MW ratio controls the nanoscale interac-
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tions that affect PGNP dynamics in polymer solutions.
Beyond the importance of the MW-ratio, the PGNP dif-
fusivity also has a different functional dependence on RH/ξ
than hard spheres. Over a limited range (20 . 2RH/ξ . 50),
PGNP diffusivity decreases similarly to theoretical predic-
tions for hard spheres. At higher concentrations, however,
PGNP diffusivity decreases more sharply than a power-law
with a slope of -2, which suggests that the dynamics of
PGNPs are slowed by entanglements between free polymers
at high c/c∗ where bulk viscosity increases rapidly (Fig. 2).
Such entanglement-controlled dynamics are not observed for
hard sphere nanoparticles until the particle radius exceeds
the tube diameter in the entangled solution.42,46 Although
entanglements between star polymer arms and free chains
can significantly alter the diffusion of the star core, pre-
dictions based on this theory47 cannot explain the MW-
dependence observed here (Supporting Information). Thus,
the diffusive dynamics of PGNPs through polymer solutions
cannot be described through theories derived purely for hard
sphere nanoparticles or star polymers.
To guide future investigations, we consider a variety of
physical phenomena that may control how the dynamics
of PGNPs differ from those hard spheres or star polymers.
First, compression of PGNPs in solution cannot fully ex-
plain the observed dynamic phenomenon and may not fol-
low star polymer predictions due to the finite size of the
core. Complementary characterizations of PGNP dynamics
and structure on long length scales are essential. Second,
interactions between free chains and the grafted chains can
affect the grafted polymer dynamics24 or the hydrodynamic
drag on the PGNP surface.48,49 Third, the deformability
and dynamic relaxations of the grafted polymer may mod-
ify how PGNPs couple to segmental relaxations of the free
polymer mesh and thus affect transport properties.42,50 Al-
though assessing the magnitude of these different phenom-
ena is beyond the scope of this letter, we have identified that
soft interactions introduced by the grafted polymer prevents
PGNPs from being treated simply as hard spheres or star
polymers.
We investigated the dynamics of nanoparticles grafted
with long polymer chains dispersed in solutions of free poly-
mer. Although the PGNPs are much larger than the free
polymer chains, their dynamics decouple from bulk viscos-
ity in solutions of high molecular weight free polymer, diffus-
ing up to five times faster than expected. Additionally, the
PGNP dynamics depend on free polymer molecular weight
and do not collapse according to predictions for hard spheres.
This lack of collapse suggests that the PGNPs experience
local heterogeneities and couple to relaxations in the sur-
rounding fluid differently than hard spheres. We posit that
these differences between PGNPs and hard spheres arises
due to the soft interaction potential between the grafted
corona and the free polymer. Many parameters – including
core size, grafted polymer molecular weight, and grafting
density – control the physical structure, organization,5 and
interaction potential of PGNPs. Understanding how these
parameters modify transport properties is essential to con-
trolling the efficacy of PGNPs dispersed in complex fluids.
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Predicted compression of PGNPs
in solutions of linear chains
The compression of star polymers in solutions of linear poly-
mers was derived by balancing the elasticity of the star
chains with the osmotic pressure of the solution, according
to
3faRs
Ns
+
4pib3ΦL[1 + P (ΦL]
δ3N3νs f3/5
− 3νN
2
s f
2a3
2R4s
= 0, (S1)
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2
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{
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ΦLpi
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1
4
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ln 2 +
1
2
)]
, (S3)
ΦL = c/c
∗ is the volume fraction of linear chains, f is the
functionality of the stars, a is the monomer size, Ns is the
degree of polymerization of the star polymer arms, b = 1.3
represents the penetrability of the star, δ = RL/Rs is the
size ratio of linear to star polymer, and ν is the Flory expo-
nent.S1 Because PGNPs geometrically resemble star poly-
mers, we use eqn. S1 to estimate the compression of PGNPs
dispersed into solutions of linear chains with varying molecu-
lar weights, as shown in Fig. S1(a). For our system, f = 388,
a = 0.5 nm, Ns = 3410, and ν = 0.53. The size ra-
tio δ = 0.12, 0.25, 0.35, and 1.36 for linear chains with
Mw = 150, 590, 1100, and 15000 kDa, respectively.
According to this theory of how star polymers compress
in solutions of linear chains, the size of the PGNPs decreases
most drastically in solutions of low Mw chains (Fig. S1(a)).
As the free polymer concentration increases, the PGNPs
compress. The degree of compression is lower in solutions
of higher Mw. These predicted changes in PGNP size are
consistent with the conformational changes of the grafted
layer elucidated by SANS (Fig. 1 in main text). Because
dynamics depend on PGNP size, this compression may be
affecting how the PGNP diffusivity depends on free polymer
Mw. If the dynamics of PGNPs are solely affected by the
PGNP compression, the particles should couple to bulk solu-
tion viscosity η according to the Stokes-Einstein expression,
resulting in
DR
D0R0
=
η0
η
(S4)
where η0 is solvent viscosity, R0 is the particle size in neat
solvent, and R is the compressed size of the PGNP. This
ratio, however, fails to collapse the measured PGNP diffu-
sivities, does not agree with the measured bulk rheology,
and actually increases the spread in the data (Fig. S1(c)).
This failure indicates that the PGNP dynamics and pre-
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Figure S1. (a) Predicted change in the size of PGNPs dispersed
in solutions of linear polymer chains with varying Mw as a func-
tion of normalized concentration c/c∗ based on eqn. S1. PGNP
diffusivity normalized by (b) the hydrodynamic radius RH in pure
solvent and by (c) the predicted compressed size shown in (a).
dicted compression trend in opposite directions with free
polymer Mw. To further exemplify this trend, we calculate
the necessary effective size ratio Reff/R0 =
η0D0
ηD
that would
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result in the measured diffusivities using the Stokes-Einstein
expression and measured solution viscosity. This effective
size ratio decreases with increasing polymer concentration
but also decreases with increasing free chain Mw, in stark
contrast to and opposite from the predicted compression be-
havior shown in Fig. S1. From this analysis, we can conclude
that compression of PGNPs cannot explain the observed dy-
namic behavior. The PGNPs diffuse faster in solutions of
high Mw free polymer despite being less compressed.
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Figure S2. Ratio of effective size of PGNP to the hydrodynamic
size in pure solvent Reff/R0 as a function of free polymer concen-
tration for various Mw.
Dispersion of PGNPs in solutions
of linear chains
We confirm that the PGNPs remain well dispersed in all
solutions using small angle x-ray scattering (SAXS). The
scattering from the silica core of the PGNP dominates any
scattering from the polymer. Thus, the SAXS intensity I(Q)
as a function of wavevector Q is well fit by the hard sphere
form factor for a sphere of radius R = 24 nm given by
P (Q) =
(
sin(QR)−QR cos(QR)
(QR)3
)2
(S5)
and a log-normal polydispersity σ = 0.28 (Fig. S3), in good
agreement with our earlier work.S2,S3 Observing no signifi-
cant change in I(Q) with increasing polymer concentrations,
we conclude that the PGNPs are well-dispersed in solutions
of free polymers at all measured concentrations.
Estimates of arm retraction dy-
namics
The dynamics of star polymers in linear solutions are of-
ten dependent on the entanglements between arms of the
star polymer and surrounding linear chains. These entan-
glements slow the diffusion of the star core through the lin-
ear system. To estimate if similar entanglements affect the
movement of the PGNP core, we calculate the number of
entanglements per grafted chain using the total dissolved
polymer concentration φ according toS4
Z =
Me
Mw,g
=
Me,0
φ4/3Mw,g
, (S6)
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Figure S3. SAXS intensity I(Q) as a function of wavevector Q
for PGNPs dispersed in solution of linear chains with Mw = 1100
kDa at various concentrations.
where Me,0 = 13000 Da is the melt entanglement molecular
weight of polystyrene.? For all c/c∗ and Mw, Z < 5. The
longest relaxation time of a star polymer is related to Z
according toS5
τarm =
pi5/2√
6
τeZ
3/2 exp(aZ) (S7)
where a = 3/2 is a constant, τe = τ0(Mw,g/Me)
2φ−5/3 is the
relaxation of an entanglement strand, and τ0 = 6piηb
3/kBT
is the diffusive relaxation time of a Kuhn segment with
b = 1.54 A˚.S4 After τarm, the core of the star should move
diffusively with a diffusivity Dstar = R
2
H/τarm. We plot
the measured experimental diffusivities against the predicted
normalized values based on this theory derived for star poly-
mers in Fig. S4. Although there is a positive correlation
between experiment and the predicted entangled dynam-
ics, there is a significant spread in the data as a function
of Mw. Additionally, whereas the diffusivity of PGNPs in
low Mw polymer at high c/c
∗ are larger than predicted, the
diffusivity in high Mw solutions is much slower than pre-
dicted. Further, incorporating tube dilation would lead to
faster predicted diffusivities and less agreement between the-
ory and experiments. Thus, entanglements between grafted
chains and free linear chains cannot explain the dynamics of
PGNPs in semidilute polymer solutions.
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Figure S4. Experimental diffusivity of PGNPs plotted as a func-
tion of predictions based on ref. S5 for various free polymer molec-
ular weights. Solid line indicates unity line y = x.
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